Muscle wasting and cachexia have long been postulated to be key determinants of cancer-related death, but there has been no direct experimental evidence to substantiate this hypothesis. Here, we show that in several cancer cachexia models, pharmacological blockade of ActRIIB pathway not only prevents further muscle wasting but also completely reverses prior loss of skeletal muscle and cancer-induced cardiac atrophy. This treatment dramatically prolongs survival, even of animals in which tumor growth is not inhibited and fat loss and production of proinflammatory cytokines are not reduced. ActRIIB pathway blockade abolished the activation of the ubiquitin-proteasome system and the induction of atrophy-specific ubiquitin ligases in muscles and also markedly stimulated muscle stem cell growth. These findings establish a crucial link between activation of the ActRIIB pathway and the development of cancer cachexia. Thus ActRIIB antagonism is a promising new approach for treating cancer cachexia, whose inhibition per se prolongs survival.
INTRODUCTION
Cancer cachexia affects up to 80% of patients with advanced cancers and accounts for nearly 30% of cancer-related deaths (Acharyya et al., 2005; Fearon, 2008; Tisdale, 2009) . However, few therapeutic options are currently available for cancer cachexia. A key feature of cachexia is the progressive depletion of skeletal muscle mass, which occurs in concert with the loss of body fat. Muscle wasting dramatically reduces the quality of life but also appears to correlate with fatal outcomes. The mechanism by which cancers provoke the loss of the host's muscle mass is presently thought to be multifactorial. Various hormones, cytokines and tumor-derived factors have been shown to influence muscle protein balance in normal and disease states, through several major intracellular signal transduction systems. While activation of the AKT pathway is associated with muscle growth, in atrophying muscles there is an activation of FOXO as well as NF-kB and possibly also Smad transcription factors, which promote protein degradation (Glass, 2005; Sandri et al., 2004) . FOXO3 by itself induces a set of atrophy-related genes, especially the muscle-specific ubiquitin ligases Atrogin-1 and MuRF1, which promotes breakdown of myofibrillar apparatus, and genes for autophagy (Cohen et al., 2009; Zhao et al., 2007) . However, it remains unclear which of these signaling systems plays a dominant role in the pathogenesis of cancerassociated muscle loss.
ActRIIB is a high affinity activin type 2 receptor and mediates the signaling by a subset of TGF-b family ligands including myostatin, activin, GDF11 and others (Lee & McPherron, 2001; Souza et al., 2008) . Expression of a dominant negative ActRIIB in transgenic mice results in skeletal muscle hypertrophy, suggesting an important role of ActRIIB pathway in limiting muscle growth (Lee & McPherron, 2001) . Myostatin null mutations also lead to skeletal muscle hypertrophy in multiple species including humans, whereas forced myostatin overexpression in adult mice leads to systemic muscle wasting (Schuelke et al., 2004; Zimmers et al., 2002) . In addition, in inhibin-deficient mice, activins are deregulated, leading to gonadal tumors and marked cachexia (Matzuk et al., 1994) . Therefore, ActRIIB ligands appear critical in regulating muscle mass (Lee et al., 2005) .
Increased signaling by the ActRIIB pathway has been implicated in many cancers (Costelli et al., 2008; Harada et al., 1996; Otani et al., 2001; Petraglia et al., 1998; Seder et al., 2009; Thomas, et al., 1997; Wildi et al., 2001 ), but its possible importance in pathogenesis of cancer cachexia remain obscure. In these investigations we set out (1) to examine in animal models of cancer cachexia the possible therapeutic impact of blocking ActRIIB pathway on muscle wasting and survival, and (2) to define the mechanisms by which ActRIIB pathway may modify the course of cancer cachexia. To antagonize the ActRIIB pathway activity, we have administered an ActRIIB decoy receptor referred to as sActRIIB in multiple cancer cachexia models, including the colon 26 (C26) tumor-bearing mice and inhibin-deficient mice, as well as nude mice bearing human G361 melanoma and TOV-21G ovarian carcinoma xenografts. Bearing tumors of distinctly different origins, these models mimic human cancer cachexia with a promounced loss of muscle mass at low tumor burden and display a dramatic wasting that is eventually lethal (Matzuk et al., 1994; Mori et al., 1991; Tanaka et al., 1990) . The present studies demonstrate that sActRIIB not only prevents further wasting, but also fully reverses skeletal muscle loss and atrophy of the heart, thereby dramatically prolonging survival of the tumor-bearing animals. Importantly, in the C26 model, these marked effects are seen even without any effect on tumor growth, adiposity, or levels of inflammatory cytokines. Our data reveal that ActRIIB antagonism reverses wasting by blocking the activation of muscle protein breakdown and stimulating muscle stem cell growth. Thus, ActRIIB pathway inhibition appears to have therapeutic potential for treating various types of muscle wasting, especially cancer cachexia.
RESULTS sActRIIB Is a Potent Inhibitor of Myostatin and Activin A Signaling
We measured the ligand-neutralizing activities of recombinant sActRIIB using C2C12 myoblasts stably transfected with a luciferase reporter for Smad2/3 signaling, as detailed in Experimental Procedures. sActRIIB potently inhibited both myostatinand activin-mediated Smad2/3 signal transduction with IC 50 values around 1.1 nM against myostatin and 3.6 nM against activin A (Figure S1A available online). The half-life (T 1/2 ) of sActRIIB in mice was longer than 10 days. Administration of of a single dose of sActRIIB to adult C57Bl/6 mice led to dosedependent increases in body weight and lean body mass ( Figure S1B ).
ActRIIB Antagonism Reverses Muscle Loss and Prolongs Survival in C26 Tumor-Bearing Mice
The C26 tumor implanted mice manifested a lethal wasting syndrome characterized by progressive weight loss and death (Tanaka et al., 1990) . As shown in Figure 1A , weight loss in these tumor-bearing mice began around day 5 after implantation, and within 2-3 weeks of implantation, their body weights declined by > 20%. Analysis of individual body weight changes indicates that when the tumor-free body weight decreased by > 25% after the tumor implantation (i.e., by > 35% compared to the normal control mice), deaths occurred ( Figure S2 ). We administered sActRIIB to this model at different stages of cachexia and analyzed the changes in body weights and survival rates. When administration was begun when weight loss first became evident, weekly injection of sActRIIB not only completely prevented further weight loss, but even caused a rapid gain in body weight which soon exceeded that in non-implanted control mice ( Figure 1A) . Furthermore, when treatment was initiated during advanced cachexia, when more than 10% body weight was lost, the sActRIIB treatment rapidly and fully reversed the weight loss back to weights of normal control mice ( Figure 1B) . Remarkably, the gains in body weight were associated with a profound prolongation of survival in the tumor-bearing animals (p < 0.0001) ( Figures 1A and 1B) . Thus, regardless of the timing of the first dose during the course of cachexia, sActRIIB was able to reverse weight loss completely and to prolong animal survival dramatically.
sActRIIB Restores Mass and Strength of Atrophying Muscle without Affecting Tumor Growth or Fat Loss in C26-Bearing Mice Body composition analysis further demonstrated that sActRIIB completely blocked the loss of lean body mass, but surprisingly did not inhibit the decrease in fat mass in the C26 mice (Figure 2A) . The weights of extensor digitalis longus (EDL), soleus, calf and tibialis anterior (TA) muscles in the untreated C26 mice decreased by more than 25% below levels in normal controls. However, the weights of all these muscles in sActRIIB-treated C26 mice were similar to or even greater than those in controls. Thus, the treatment fully protected the fast-twitch (EDL), slowtwitch (soleus) and mixed-fiber (calf and TA) muscles against cancer-associated atrophy (Figure 2A) . Furthermore, the grip strength of the untreated C26 mice declined in parallel with the muscle weights. However, the sActRIIB treatment completely restored grip strength to above the normal levels ( Figure 2B ). Thus, the sActRIIB treatment caused a buildup of functional muscle in the tumor-bearing animals to levels resembling or exceeding control levels.
To monitor possible effects of sActRIIB on growth of the C26 tumor, we measured tumor sizes and weights. As shown in Figure 2C , sActRIIB treatment had no effect on C26 tumor growth rate or weight. Thus, the dramatic muscle sparing is clearly not due to elimination of the primary tumor. Also, because neither fat mass nor tumor growth was affected by the treatment, the prolongation of survival in the C26 mice must be attributable to the large muscle sparing effect of sActRIIB. Therefore, sActRIIB was able to extend the survival by reversing cachexia even without inhibiting tumor growth.
sActRIIB Blocks Myostatin Overproduction in C26 Model but Does Not Reduce Elevated Levels of IL-6, IL-1b, or TNF-a Northern blot analysis of the gastrocnemius muscles of C26-bearing mice revealed that myostatin mRNA level increased by more than 2-fold over control level, but sActRIIB treatment prevented this induction of myostatin ( Figure 2D ). However, no change in activin A (bA) mRNA level was detected in the gastrocnemius (data not shown). This induction of myostatin in muscle apparently was triggered by humoral mediator(s) either secreted by the C26 tumor, which was implanted subcutaneously, or released by the host in response to the tumor burden. Because sActRIIB treatment fully abolished the myostatin overexpression, activation of ActRIIB pathway must be critical for its induction.
It is widely believed that proinflammatory cytokines are critical in the development of cancer cachexia (Argiles & Lopez-Soriano, 1999) . To test whether sActRIIB treatment might be achieving its anti-cachexia effect by attenuating proinflammatory cytokines, we measured by ELISA the serum levels of IL-6, IL-1b and TNF-a in the C26 mice. As reported previously, these major cytokines, especially IL-6, were elevated in the circulation in C26 mice (Strassmann et al., 1992; Tanaka, et al., 1993) . Unexpectedly, the sActRIIB treatment did not change the levels of these cytokines ( Figure 2E ), and thus they cannot account for the reversal of cachexia seen upon sActRIIB treatment. These findings imply that increased levels of IL-6 by itself can not induce the cachectic syndrome. To test this conclusion, we treated normal adult mice with a pharmacological dose of recombinant IL-6 by continuous infusion, but found no significant change in either body weight or muscle mass (Table S1 ). Thus, in the C26 model, ligands of the ActRIIB pathway appear to be Values are means ± SEM. *p < 0.05, **p < 0.01; ***p < 0.001. n = 10-12. See also Table S1 .
more important than proinflammatory cytokines in triggering muscle wasting and cachexia.
ActRIIB Antagonism Reverses Muscle Wasting, Ameliorates Anorexia, and Prolongs Survival in Inhibin-Deficient Mice To examine whether ActRIIB pathway blockade is also effective in reversing muscle wasting induced by other cancers, we administered sActRIIB to inhibin-a knockout (KO) mice, which spontaneously form gonadal tumors and manifest marked cachexia (Matzuk et al., 1994) . It has been reported that genetic crossing of inhibin-a KO mice with follistatin transgenic or ActRII (ActRIIA) KO mice slows both tumor formation and development of weight loss (Cipriano et al., 2000; Coerver et al., 1996) . Also, administration of ActRIIA-Fc (a soluble receptor different from the sActRIIB studied here) to 3-week-old inhibin-deficient mice (when neither cachexia nor tumor was evident) had similar beneficial effects on body weight and tumor growth (Li et al., 2007) . Thus, blocking deregulated activins before disease onset in inhibin-deficient mice slowed the development of tumor cachexia. However, it is unclear whether inhibiting activins after tumors and weight loss have fully developed in these mice could have any beneficial effect on tumor growth, cachexia, or both. This question is of therapeutic importance, since cachexia is generally found in patients with advanced cancers. Also, none of these studies examined muscle wasting, the most debilitating aspect of cachexia. Here, we administered sActRIIB to the inhibin-a KO mice after tumor cachexia had advanced to a late stage and analyzed the effects on muscle wasting, anorexia and survival. By 8 weeks of age, the weights of the male and female inhibina KO mice were 10%-17% lower than those of age-matched wild-type (WT) controls. We initially administered sActRIIB to the KO mice at 8 weeks of age. The WT mice grew steadily while the untreated KO mice of both sexes suffered dramatic weight loss, and nearly all died within a 10-week period ( Figure 3A ). It should be noted that the plot of the weights of the surviving KO mice against time ( Figure 3A ) underestimates the actual weight loss of the inidividual untreated KO mice, because those animals showing greatest weight loss died sooner and thus steadily dropped out from the plots of mean body weights. In fact, individual body weight analysis indicates that at death, the untreated KO mice had lost an average of 24% (p < 0.001) of their initial body weights (i.e., at 8 weeks of age), and their mean muscle mass diminished to less than 50% of that of WT control (p < 0.001) ( Figure S3A ). However, within one week of treatment with sActRIIB, the body weights of both male and female KO mice increased rapidly and reached levels in the WT littermates. With continued sActRIIB treatment, their body weights even exceeded the WT controls ( Figure 3A ). Remarkably, along with the body weight improvement, a dramatic prolongation in survival was observed in the sActRIIB-treated KO mice (p < 0.0001). In fact, when 100% of the untreated male and female KO mice had died, nearly all the treated males and 85% of the treated females were still alive ( Figure 3A) .
To test the ability of sActRIIB to reverse muscle loss and cachexia-anorexia syndrome, we then administered a single dose to 8-week-old male and 12-week-old female KO mice. By these ages, gonadal tumors and cachexia had developed to an advanced stage in these KO mice with the animals loosing about 22%-28% of their muscle mass compared to their WT controls ( Figure S3B ). We analyzed the mice 14 days after the single dose. In the absence of sActRIIB treatment, body weights, food intake, lean body mass, fat mass, and mass of the gastrocnemius in the male and female KO mice were 20%-45% lower than those in the WT controls ( Figure 3B and Figure S3C ). However, sActRIIB treatment rapidly reversed all these parameters back to or even beyond the levels in the WT controls. Notably, a single injection of sActRIIB was able to cause the doubling of the mass of gastrocnemius muscle in the KO mice within two weeks ( Figure 3B ).
To determine how these ActRIIB pathway perturbations affect muscle function, we analyzed the myosin heavy chain contents as well as muscle grip strength in the inhibin-a KO mice. As shown by western blot analysis, the content of myosin heavy chain in the gastrocnemius was lower in the untreated KO mice than in WT controls, but after sActRIIB treatment, it was increased to an even higher level than in the WT ( Figure 3C ). Concomitantly, sActRIIB treatment fully restored the weakened grip strength to above normal control levels ( Figure 3D ). Thus, sActRIIB promoted a buildup of functional muscle and was highly effective in ameliorating all aspects of the cachexia syndrome, including anorexia and fat loss, in the inhibin-deficient animals.
Because of these profound effects on the survival of inhibina KO mice, we examined the impact of sActRIIB on the progression of the gonadal tumors, after they had been already extablished in these male and female KO mice. Surprisingly, a single dose of sActRIIB caused a dramatic suppression of the advanced ovarian and testicular tumors in these mice ( Figure S3D ).
sActRIIB Sequesters Activin A and Myostatin In Vivo
To understand how ActRIIB ligand levels may change in response to sActRIIB treatment, we measured the amounts of circulating activin A and myostatin in the inhibin-a KO mice. Serum activin A levels were much higher in both male and female KO mice than in WT controls; but, a single dose of sActRIIB completely abolished the increase in activin A within two weeks. By contract, serum myostatin levels in KO mice did not differ significantly from WT levels, but were markedly suppressed by sActRIIB treatment ( Figure 3E ). Thus, sActRIIB neutralized both activin A and myostatin in vivo, and these actions can account for the therapeutic effects on cachexia, tumorigenesis and survival in the inhibin-deficient animals.
ActRIIB Antagonism Reverses Cancer-Induced Atrophy of the Heart During cancer cachexia in both the C26 tumor-bearing mice and inhibin-deficient mice with advanced gonadal cancers, there was a marked diminution in heart mass that was evident on necropsy. The average heart weights in these cachectic animals decreased by 20%-29% compared to the normal controls, and a dramatic reduction in ventricular wall thickness was evident upon histological examination of the cardiac cross-sections. Remarkably, sActRIIB treatment completely blocked the cardiac atrophy in both C26 mice and inhibin-deficient mice (Figure 4 ). Thus cardiac atrophy is an important but unappreciated feature of cancer cachexia and seems to result from enhanced ActRIIB signaling. Interestingly, in contrast to our findings in skeletal muscle described below, we found no change in the atrophic hearts in expression of atrophy-specific ubiquitin ligases or in BrdU labeling following sActRIIB treatment (data not shown). Therefore, the biochemical mechanisms of this dramatic cardiac atrophy and re-growth clearly require further investigations.
Elevated Activin Is Critical in the Pathogenesis of Muscle Wasting and Anorexia Associated with Multiple Cancers
To investigate whether elevated activin A can cause cachexia, we implanted adult nude mice with CHO cells that had been transfected with activin A (CHO-Activin). The resulting overproduction of activin A in these xenograft-bearing mice led to progressive weight loss, depressed food intake, muscle wasting, and death ( Figure 5A ). To verify that this lethal wasting syndrome resulted from the elevated activin A, we administered an antiactivin A antibody to the CHO-Activin implanted mice. This treatment prevented the weight loss, anorexia, muscle wasting and the rapid death of these xenograft-bearing animals ( Figure 5A ). The CHO-Activin-bearing mice also lost up to 30% of their fat mass (p < 0.01), and this loss was completely prevented by anti-activin A antibody treatment. Thus, elevated activin A can play a causal role in the development of muscle wasting and cachexia-anorexia syndrome.
It is noteworthy that activin overexpression also caused the decrease in food intake in the CHO-Activin implanted mice, since the activin A-neutralizing antibody completely blocked this effect. This finding is consistent with our observation that the depressed food intake in the inhibin-a KO mice was completely reversed by sActRIIB treatment ( Figure 3B ). Thus, elevated activin A mediates anorexia, although the mechanism by which activin A regulates food intake is unclear and warrants further investigation. To determine the importance of this anorexia in mediating activin-induced wasting, we pair fed the CHO-Vector implanted mice with a reduced amount chow equal to that consumed by the CHO-Activin implanted mice. The pair feeding resulted in a loss of about 5% body weight and lean mass in the CHO-Vector implanted mice. By contrast, the CHO-Activin implanted mice lost over 20% of their mean body weight and lean mass during the same period. The pair feeding also had no effect on the survival of the CHO-Vector bearing mice. In contrast, 100% of the CHO-Activin bearing mice died by the end of the experiment ( Figure S4A ). Thus, although elevated activin A markedly reduces food intake, the decrease in nutrient intake can account for only a minor portion of the body wasting induced by the activin-secreting tumor, and the major fraction of weight loss must be due to activin A-induced tissue catabolism.
To further investigate the role of activin A in the pathogenesis of cancer cachexia, we implanted nude mice with the human ovarian cancer TOV-21G (Provencher et al., 2000) or human melanoma G361 (Mori et al., 1991) . These tumor lines were found to secrete in vitro higher amounts of activin A as compared to a variety of other cancer lines examined ( Figure 5B ). Implantation of these tumors as xenografts in nude mice resulted in significant weight loss, muscle wasting, reduced food intake and fat loss, all of which were fully prevented by sActRIIB treatment (Figures 5C  and 5D ). In addition, sActRIIB also suppressed the growth of TOV-21G and G361 xenografts in nude mice ( Figure S4B ). These observations on the activin A-secreting xenograft are similar to our findings on the inhibin-a KO mice and provide further evidence that ActRIIB ligands, especially activin A, are critical in the muscle wasting associated with various cancers as well as in the progression of certain tumors.
ActRIIB Pathway Inhibition Attenuates the Accelerated Muscle Protein Catabolism during Cancer Cachexia
There is mounting evidence that the ubiquitin-proteasome system mediates the breakdown of the bulk of muscle proteins, and its activation accounts for much of the accelerated muscle proteolysis in various catabolic disease states (Cohen et al., 2009; Mitch & Goldberg, 1996) . In the atrophying muscles, multiple components of this pathway are induced, including the muscle-specific E3 ligases, Atrogin-1 and MuRF1, and their induction is essential in rapid atrophy (Bodine et al., 2001; Gomes et al., 2001) . To determine whether the ActRIIB pathway might regulate these critical components during cancer cachexia, we examined by Northern the levels of ubiquitin (Ub), Atrogin-1 and MuRF1 in gastrocnemius muscles of C26 mice and inhibin-a KO mice ( Figure 6A ). mRNA levels for these atrophy-related genes in the gastrocnemius were markedly increased above control levels in both cachexia models, but sActRIIB treatment completely abolished their induction (Figure 6A) . Thus, antagonism of the ActRIIB pathway prevents the activation of key components of the ubiquitin-proteasome pathway during cancer cachexia.
In various types of muscle atrophy, there is a general acceleration of protein ubiquitination, which is demonstrable in muscle extracts (Kwak et al., 2004; Solomon et al., 1998) . To investigate the effects of sActRIIB treatment on muscle protein ubiquitination, we examined rates of ubiquitin conjugation to endogenous proteins in the gastrocnemius from inhibin-a KO mice. As shown in Figure 6B , there was a sharp rise in ubiquitin conjugation in muscle extracts of the KO mice, which was prevented by sActRIIB treatment. Thus, sActRIIB blocked the enhanced (A) sActRIIB reverses heart atrophy in C26 mice. Cachectic C26 mice were treated with sActRIIB (10 mg/kg, SC, weekly) or PBS. As control, agematched normal mice received PBS. Heart weights were determined via necropsy after 2 weeks of treatment. Values are means ± SEM. **p < 0.01; n = 6. (B and C) sActRIIB treatment ameliorates heart atrophy in inhibin-a KO mice. 8-week-old KO males (B) and 12-week-old KO females (C) (both carrying advanced gonadal tumors) were treated with a single dose of sActRIIB (30 mg/kg, SC) or PBS. Age-matched WT males and females were used as normal controls. Heart weights were determined by necropsy 2 weeks after treatment.
Values are means ± SEM. **p < 0.01, ***p < 0.001; n = 9-10. (D) sActRIIB treatment reverses the reduction in ventricular wall thickness in inhibin-a KO mice.
Representative images of PAS-stained heart cross-sections from WT (left), untreated KO (middle) and sActRIIB-treated KO (right) mice are shown.
ubiquitination in muscle that is characteristic of the cachectic state. To explore the mechanism by which ActRIIB pathway regulates the atrophy-specific ubiquitin ligases, we assayed by western blot the activities of Smad and FOXO signaling systems in muscles of inhibin-a KO and control mice. As expected, phospho-Smad2 was markedly increased in the gastrocnemius of KO mice above levels in WT, and sActRIIB treatment completely blocked this Smad2 activation ( Figure 6C ). Smad and FOXO signal transduction systems can influence each other's activity (Seoane et al., 2004) , and in skeletal muscle, the myostatin-Smad pathway stimulates FOXO function (Sartori et al., 2009; Trendelenburg et al., 2009 ). FOXO3 activation has been shown to induce Atrogin-1 and MuRF1 transcription, stimulate proteolysis and cause atrophy (Mammucari et al., 2007; Sandri et al., 2004; Zhao et al., 2007) . Since Smad2 signaling was activated in muscles of the inhibin-a KO mice and suppressed by sActRIIB treatment, we investigated FOXO3 activity in these tissues. Western blot analysis revealed an increase in total FOXO3a content, along with a decrease in the inactive species phospho-FOXO3a in the gastrocnemius of the KO mice, compared to levels in control mice ( Figure 6D ). These findings indicate FOXO3a activation, since only dephosphorylated FOXO3a enters the nucleus and stimulates transcription. sActRIIB treatment decreased the total FOXO3a content and increased phospho-FOXO3a in the gastrocnemius of the KO mice. This reduction in FOXO activity suggests activation of the PI3K-AKT pathway, which causes FOXO phosphorylation ( Figure 6D ). Accordingly, western blot analysis demonstrated Values are means ± SEM. **p < 0.01, ***p < 0.001; ***p < 0.0001 on survival rate. n = 12. See also Figure S4 .
an increase in AKT activity in the gastrocnemius of the sActRIIBtreated KO mice ( Figure 6E ). Together, these observations provide strong direct evidence that enhanced Smad2 activity activates FOXO3a signaling in muscle and helps to explain the profound inhibition by sActRIIB of Atrogin-1 and MuRF1 induction.
ActRIIB Pathway Inhibition Stimulates Muscle Stem Cell Growth in Atrophied Muscle
Morphometric analysis of the gastrocnemius showed that the average cross-sectional area of myofibers in the inhibin-a KO mice was 42% smaller than that in WT controls ( Figure 7A ). Two weeks after a single injection of sActRIIB, the average myofiber area in the KO mice was massively increased (by about 110%) and had become 48% larger than in the controls. Thus, sActRIIB treatment not only prevents atrophy but can also cause hypertrophy. This dramatic growth upon blocking the ActRIIB pathway led us to investigate the effects of sActRIIB administration on muscle stem cell activity. The stem cells present in adult muscles are the satellite cells, which reside between the basement membrane and sarcolemma of myofibers as morphologically distinct, mononucleated cells (Mauro, 1961) . Satellite cells are normally quiescent but can proliferate rapidly in response to exercise, injury and various anabolic stimuli to promote muscle hypertrophy or regeneration (Dhawan & Rando, 2005; Kuang & Rudnicki, 2008) . Genetic ablation of myostatin has been reported to cause satellite cell activation (McCroskery et al., 2003) . To test whether ActRIIB antagonism may activate satellite cells in normal and atrophied muscles, we performed in vivo BrdU labeling and analyzed the cross-sections of muscles for sActRIIB-induced changes in BrdU staining and in satellite cell markers, Pax7 and M-cadherin (Kuang & Rudnicki, 2008; Moore and Walsh, 1993; Relaix et al., 2006) . sActRIIB treatment dramatically increased the numbers of BrdU-, Pax7-and M-cadherin-positive nuclei per myofiber in both WT and KO mice (Figures 7B and 7C ; Table S2 ). A small proportion of Pax7-positive nuclei and the majority of the M-cadherin-positive nuclei were doubly labeled for BrdU ( Figure 7C ). Similar results were obtained in C26 mice ( Figure S5) . Thus, the ActRIIB-Smad pathway is critical in maintaining the quiescence of satellite cells in both normal and cachectic muscles. Importantly, these findings suggest that in severely atrophied muscles, some quiescent satellite cells with strong proliferative potential are present and can grow rapidly upon ActRIIB blockade. 
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DISCUSSION
Although cachexia is a highly debilitating syndrome characteristic of many cancers, it remains a poorly understood process whose mechanisms have received only limited attention from cancer researchers. In addition to reducing the patient's quality of life (e.g., strength, endurance, and probably his/her susceptibility to other disease processes), progression of body wasting has poor prognostic implications. In fact, it has often been stated that cachexia is a causative factor in the patients' downhill course, and that a large fraction of cancer deaths is due to this cachectic state. However, direct evidence linking muscle wasting to survival of the tumor-bearing organism has been lacking until now. The present findings in the C26 tumor-bearing mice represent the first clear experimental demonstration that preserving muscle mass is of major importance in determining the organism's survival. In these cachectic mice, ActRIIB antagonism dramatically prolonged survival and not only prevented muscle wasting but even induced net muscle growth, without altering fat mass or growth of the tumor. Therefore, development of treatments that block these catabolic actions of the tumor should be a major therapeutic objective, not just to enhance the quality of life, but also to prolong survival. The mechanisms signaling the cachectic state have been controversial, and the pathophysiological basis of the muscle wasting in cancer is difficult to unravel. Although the loss of muscle mass clearly can be due to tumor-derived factors, their role is complicated by the associated anorexia, the decreased nutrient supply, and the resulting endocrine changes (e.g., insulin-deficiency, increased glucocorticoids and IGF-1). However, it is now clear that tumor-induced wasting, excessive muscle proteolysis and activation of the ubiquitin proteasome system also occur in pair-fed animals, and a variety of cytokines, especially IL-6, TNF-a and IL-1b, have been proposed to trigger this wasting. However, the present studies fail to support important roles for these factors; in fact, we failed to observe any catabolic effect upon infusion of IL-6. Instead, our findings argue strongly for a dominant role of ActRIIB pathway in the activation of muscle wasting during cancer cachexia: (1) Inhibition of the ActRIIB pathway fully reversed the muscle loss during cancer cachexia, even without affecting the elevated inflammatory cytokine levels; (2) ActRIIB pathway activation induced the ubiquitin ligases critical in muscle wasting and enhanced ubiquitination of muscle proteins, and these effects were completely abolished by sActRIIB; (3) In the tumor-bearing mice, ActRIIB-Smad signaling stimulated FOXO3 activity in muscle, which induced transcription of Atrogin-1 and MuRF1; 4) ActRIIB antagonism dramatically stimulated satellite cell proliferation, which presumably contributes to rapid reversal of muscle loss in the treated animals.
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Typically in cachectic organisms, there is a marked loss of both muscle and adipose tissues. It is noteworthy, however, that the dramatic effects of activating or blocking the ActRIIBSmad pathway on body weight in the C26 tumor-bearing mice involved parallel changes only in the mass of muscles. Moreover, the buildup of muscle correlated with greater myosin expression and increased grip strength. Surprisingly, blocking the ActRIIB pathway in the C26 mice prevented muscle loss or even increased muscle mass above normal levels but did not inhibit adipose tissue loss. Presumably, this continued loss of adipose tissue mass was due to the continued production of other cytokines (e.g., TNF-a) in the C26-bearing animals, since in the inhibin-deficient mice and those bearing activin-secreting CHO tumors, eliminating activin affected muscle and adipose tissue similarly. Thus, the growth and wasting of these two tissues can be regulated in distinct fashions, and only the maintenance of muscle mass correlates with enhanced survival of the cancer-bearing animals.
The present studies have also uncovered a previously unappreciated loss of heart mass in tumor-bearing animals, which is also completely reversed by blocking the ActRIIB pathway. Surprisingly, decreased cardiac size has received virtually no attention in the many recent studies on cancer cachexia, even though early investigators often reported cardiac atrophy in patients with cancer, malnutrition, as well as infections (Hellerstein and Santiago-Stevenson 1950) . In C26 tumor-bearing mice and inhibin-deficient mice with gonadal cancers, the heart was found to atrophy by 20%-29%, which approached the loss of skeletal muscle. Furthermore, blocking the ActRIIB pathway completely normalized the heart mass in these tumor-bearing animals. Unlike skeletal muscle, the hearts of the tumor-bearing animals did not show the marked induction of Atrogin-1 or MuRF1. The cellular mechanisms of this severe cardiac atrophy and re-growth and how increased signaling by the ActRIIB pathway influences cardiac size and performance will be important issues for future study. It is noteworthy that myostatin and activin have been implicated in cardiac failure (Heineke et al., 2010; Rodgers et al., 2009; Springer et al., 2010; Yndestad et al., 2004) . Presumably, the reversal of cardiac atrophy, in addition to the restoration of skeletal muscle, contributed to the prolongation of lifespan in the tumor-bearing animals seen upon ActRIIB blockade. Further studies will be needed to evaluate the functional impact of cancer-induced heart atrophy, as well as its reversal by sActRIIB, to cardiac performance.
As noted above, cancer cachexia is also associated with anorexia, which may also contribute to the loss of muscle mass and the patient's downhill course. In the present studies, the ActRIIB treatment markedly stimulated food intake in the inhibin-deficient mice, the activin-secreting CHO tumors, and human tumor xenografts-bearing mice back to or above control levels. These findings indicate that enhanced activin signaling reduces appetite and food intake, but the mechanisms for this marked effect remain to be elucidated. Although increased nutrient intake probably played some role in the dramatic muscle growth and enhancing survival, our studies on pair-fed animals indicate that the decreased food intake in response to high circulating levels of activin A accounts at most for a small fraction of the loss of body weight ( Figure S4A ), and thus enhanced tissue catabolism seems a more important cause of the wasting syndrome.
While these insights advance our understanding of the importance of ActRIIB pathway in the pathogenesis of the cachexiaanorexia syndrome, additional investigations will obviously be required to clarify the therapeutic value of ActRIIB antagonism in treating the debilitating wasting associated with diverse tumor types and non-malignant diseases (e.g., AIDS, sepsis, burns, cardiac and renal failure). Numerous reports have documented increased expression of activin A in cancer patients (Harada et al., 1996; Otani et al., 2001; Petraglia et al., 1998; Seder et al., 2009; Thomas, et al., 1997; Wildi et al., 2001 ), for example, in patients with solid cancers (Harada et al., 1996) and ones with endometrial and cervical carcinoma (Petraglia et al., 1998) . In the present studies, about a third of the human tumor xenografts examined were found to produce large amounts of activin A ( Figure 5B ). Elevated serum activin A has also been reported in patients in various non-malignant diseases, including patients with renal failure, heart failure and hyperthyroidism (Harada et al., 1996; Yndestad et al., 2004) .
While these findings point to a systemic activation of this highly catabolic factor in patients with wasting syndromes, further clinical studies will be needed to define the precise role of activin A in the cachexia-anorexia syndrome with cancer and non-malignant diseases and possible contributions of other factors. Little is known presently about myostatin's levels in various human diseases, in part due to the lack of a sensitive assay of human myostatin. It will also be important to determine the levels of other ActRIIB pathway ligands and regulatory factors (e.g., inhibin-a, propeptide and follistatin) in different cohorts of patients. The dramatic, reversible changes in body mass shown here emphasize the importance of obtaining such information not only for understanding disease mechanisms but also to provide a fuller rationale basis for anti-activin therapies. However, since the inhibition of ActRIIB signaling by sActRIIB induces growth of normal muscle ( Figure S1B ), this treatment is likely to be anabolic and help combat muscle loss in many catabolic conditions, even if the wasting is not triggered by excessive signaling by activin or related ligands of the ActRIIB pathway.
EXPERIMENTAL PROCEDURES Materials sActRIIB
The sActRIIB (soluble ActRIIB-Fc) expression construct was engineered by subcloning a cDNA fragment corresponding to the extracellular domain of human activin type-2B receptor (aa 7-100) into an IgG2 Fc fusion split vector. The construct was transfected into CHO cells and the recombinant sActRIIB was purified from culture medium using a mAb Select SuRe affinity column (GE) followed by Fractogel chromatography (EMD Chemicals). Anti-Activin A Antibody Monoclonal anti-activin A antibody was generated in XenoMouse (Amgen Inc) using recombinant activin A as an immunogen. Recombinant IL-6 hu-IL-6 was expressed and purified using mammalian expression system (Amgen Inc). Smad 2/3 Reporter Assay Smad2/3 luciferase reporter construct pLuc-MCS(CAGA) 12 was engineered by subcloning a repeat of twelve GAGA elements into pLuc-MCS (Strategen).
Stably transfected C2C12 myoblasts were used to measure the neutralizing activity of sActRIIB against myostatin or activin A by luciferase assay (Promega).
Cell Cultures
The TOV-21G and G361 human cancer cell lines (ATCC) were cultured in RPMI 1640 medium supplemented with 10% FBS. CHO cells were cultured in DMEM supplemented with 10% FBS (Invitrogen).
Animal Models Ethics Committee Approval
All mouse experiments were performed with the approval of Institutional Animal Care and Use Committee and are in accordance with the NIH Guide for the Care and Use of Laboratory Animals. C26 Tumor-Bearing Mice The colon 26 murine adenocarcinoma cells were subcutaneously inoculated into the flank region of 10-week-old male CDF1 mice (0.5 3 10 6 cells/mouse).
C26 implanted mice were treated with sActRIIB or PBS at different time points.
Multiple experiments were performed with body weight, body composition, tumor size, grip strength, and survival rates recorded. Weights of lean carcass, muscle and tumor were measured via necropsy. IL-6 infusion CDF1 mice were infused with recombinant IL-6 or saline (n = 12) by using osmotic pump (Alzet) at a rate of 1 ml/hr (7.2 mg/day) and analyzed at day 1, 3, and 5 for serum IL-6 exposure levels and changes in body weight and muscle mass.
Inhibin-a KO Mice
For survival studies, 8-week-old KO mice received sActRIIB (10 mg/kg, weekly, SC) or PBS with body weights and survival rates recorded. For single-dose studies, 8-weak-old male and 12-week-old female KO mice were treated with sActRIIB (30 mg/kg, SC) or PBS for 2 weeks. Changes in body weight, food intake, body composition and grip strength, and terminal muscle mass were measured. Activin A Xenograft-Bearing Mice CHO cells were stably transfected with activin A expression construct (CHO-Activin) or vector (CHO-Vector). 3x10 6 cells were implanted intramuscularly (right quadriceps) in each CD1 nude mouse (CRL). CHO-Activin xenograft mice were treated with PBS or anti-activin A antibody immediately after implantation. TOV-21G and G361 Xenografts-Bearing Nude Mice 5x10 6 cells of each tumor lines were inoculated subcutaneously into each athymic or BALB/c nu/nu mouse (Harlan, and CRL). Treatment began at day 12 or 18 after implantation, when the average sizes of TOV-21G and G361 reached 150 mm 3 and 130 mm 3 , respectively.
Body Composition, Muscle Grip Strength, and Tumor Size Lean body mass and fat mass were measured using nuclear magnetic resonance (NMR; Echo Medical Systems). Forelimb grip strength was measured with Digital Grip strength meter (Columbus Instruments). Five measurements with 3 min interval between tests were completed for each mouse. Tumor size was measured by electronic caliper. Tumor volume (mm 3 ) was based on tumor length (mm) x width (mm) x height (mm). Terminal tumor weights were determined by necropsy.
Western Blot
Equal amounts of total protein extracts (30 mg À100 mg) derived from the gastrocnemius muscles of individual mouse groups were separated by NuPAGE (Invitrogen), transferred to PVDF membrane and probed with antibodies against Smad 2, phospho-Smad 2, FOXO3a, phospho-FOXO3a, and AKT (1:1000; Cell Signaling) or myosin heavy chain and phospho-AKT (1:200; Abcam). The membranes were stripped and re-probed with antibody against a-tubulin (1:2000; Cell Signaling).
Northern Blot A pool of 10 mg RNA derived from the gastrocnemius muscles of each mouse group was fractionated by the Northern gel and probed (see Extended Experimental Procedures and Table S3 ).
Ub-Conjugation Assay
Extracts of gastrocnemius muscles were prepared for each mouse group. Soluble fractions of the extract proteins were subjected to Ub-conjugation assays by incubating 30 mg of extracts with 125 I-Ub (0.15 mg/ml; $1 3 ELISA Serum myostatin and activin A were assayed by sandwich ELISA employing a non-competing pair of antibodies for each ligand as described in Extended Experimental Procedures. Serum TNF-a, IL-1b and IL-6 levels were measured by using Milliplex MAP mouse cytokine assay kit (Millipore).
Histology
Frozen muscle sections of 8 mm in thickness and formalin-fixed cardiac sections of 4 mm in thickness were prepared and used (see Extended Experimental Procedures).
Immunofluorescence Staining of Satellite Cells
Muscle sections in vivo-labeled with BrdU were subjected to immunofluorescence labeling with antibodies against BrdU, Pax7 and M-cadherin and analyzed as detailed in Extended Experimental Procedures.
Statistics
Groups of tissue weights were compared using Student's t test. Longitudinal body weight or muscle mass differences were analyzed by repeated-measurement ANOVA. Survival rate difference was determined by Chi-Square test. P values < 0.05 were considered significant.
SUPPLEMENTAL INFORMATION
Supplemental information includes Extended Experimental Procedures, five figures, and three tables can be found with this article online at doi:10.1016/ j.cell.2010.07.011.
